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SUMMARY 
The disturbances  produced  by  a  moving  spherical  diffusion  flame are inves- 
tigated  within  the  framework of a linearized  theory. After  the  flame  position 
and  species  concentrations are determined,  the  problem  of  determining  the asso- 
ciated  density,  pressure,  temperature,  and  velocity  fields  is  delineated.  Ex- 
plicit  results  for  certain  limiting  situations  are  discussed. 
INTRODUCTION 
This paper  deals  with  the  acoustic  disturbances  produced  by an unsteady 
spherical  diffusion  flame. The basic  problem  is  envisaged as follows. Inside 
an  initial  sphere  of  radius ro, a  mixture of oxidant (or  fuel)  and  product 
gases  exists,  and  outside  the  sphere  a  mixture  of  fuel  (or  oxidant)  and  product 
gases  exists, as depicted  in Figure 1. At an initial  instant  the  spherical  sur- 
face  that  separates  the  two  initial  mixtures  disappears,  and  the  subsequent  com- 
bustion  and  acoustic  disturbances  are  to  be  determined. We assume that  the com- 
bustion  of  the  initially  unmixed  oxidant  and  fuel  species  is  confined  to a spher- 
ical Burke-Schumann flame  surface. 
This problem  is  associated  with  the  theory  of  particle  and  liquid-droplet 
combustion  at  high  pressures,  such  as  treated  by  Spalding  (Ref. 1) and  Rosner 
(Ref. 2). An applicable  situation  occurs  when  bubbles  of  oxidant (or  fuel) are 
injected  into a medium  of  fuel  (or  oxidant). The bubbles  burst, or are ignited, 
and  the  subsequent  disturbance  field is to  be  determined. This investigation 
also pertains  to  the  general  study  of  unsteady  diffusion  flames nd to  the  broad 
subject of spherical  explosions. 
Most investigations of diffusion flames  have  dealt with steady  flows,  start- 
ing  with the  original work of Burke  and  Schumann (Ref. 3 ) .  A number of such 
problems are described  in  texts and  review  articles (Refs. 4 and 5). In par- 
ticular,  detailed  mathematical  expositions  for  steady  linearized  flows  have  been 
developed by  Clarke (Refs. 6 and 7 ) ;  the present work is  something  akin to  this 
framework  of  analysis.  Unsteady  diffusion  flames  have not been as thoroughly 
treated. Clarke  and  Stegen (Ref. 8 )  considered  unsteady  perturbations on a 
two-dimensional  flame sheet. Rasmussen (Refs. 9 and 10) developed  a  linearized 
theory  for  the  one-dimensional  motion  induced  by  a  diffusion  flame. In this 
paper  the  related  problem  of  a  spherical  diffusion  flame  is  treated. 
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Whereas t h e  g e n e r a l  f o r m  o f  t h e  p r o b l e m  i s  n o n l i n e a r ,  t h e  l i m i t i n g  a c o u s t i c  
approximation i s  o f  some i n t e r e s t .  The e x p l i c i t  a n a l y t i c  r e s u l t s  o b t a i n e d  w i t h -  
i n  t h e  l i n e a r i z e d  t h e o r y  c o n t a i n  t h e  e m b r y o n i c  b e h a v i o r  o f  t h e  m o r e  c o m p l i c a t e d  
n o n l i n e a r   p r o b l e m .   T h e   l i n e a r i z e d   r e s u l t s ,   b e s i d e s   h a v i n g   t h e i r  own i n t r i n s i c  
v a l u e ,  c a n  b e  u s e d  t o  estimate the  magn i tude  o f  convec t ive  terms a n d  d e v i a t i o n s  
f rom  cons tan t -proper ty   approximat ions .   The   gas   dynamic   in te rac t ions   o f   the  
p r e s s u r e ,  t e m p e r a t u r e ,  a n d  v e l o c i t y  f i e l d s  c a n  b e  e x a m i n e d  c o h e r e n t l y  w i t h i n  a 
l inear ized   f ramework .  
FORMULATION OF THE:  PROBLEM 
Prel iminary Remarks 
We c o n s i d e r  t h e  b a s i c  c o m b u s t i o n  p r o c e s s  t h a t  i n v o l v e s  a mix tu re  o f  ox i -  
dan t   (X) ,   fue l   (F ) ,   and   p roduc t   (P )   spec ie s   gove rned   by   t he   r eac t ion   equa t ion  
X X + f F z g P  ( 1) 
tr  
w h e r e x ,  f ,  a n d  g a r e   t h e   s t o i c h i o m e t r i c   c o e f f i c i e n t s .  The  corresponding  mole- 
c u l a r  w e i g h t s  f o r  t h e  s p e c i e s  are denoted  by Wx, WF, and WP. The  forward  and 
r e v e r s e  r e a c t i o n  times are denoted by t f  and tr.  The essence  of   combust ion i s  
t h a t  tf 4 0 and t r  -.) m .  I n  t h i s  s e n s e ,  t h e  r e a c t i o n  a s s o c i a t e d  w i t h  (1) moves 
o n l y  t o  t h e  r i g h t ,  a n d  t h i s  i s  t h e  l i m i t i n g  s i t u a t i o n  c o n s i d e r e d  h e r e .  T h i s  
s i m p l e   r e a c t i o n   m o d e l   h a s   b e e n   u t i l i z e d   p r e v i o u s l y   ( R e f s .   5 - 1 0 ) .  I n  t h i s  l i m i t  
a u n i f o r m  o x i d a n t - p r o d u c t  m i x t u r e  e x i s t s  i n s i d e  t h e  i n i t i a l  s p h e r i c a l  d i a p h r a g m ,  
o f  r a d i u s  r o ,  a n d  a u n i f o r m  f u e l - p r o d u c t  m i x t u r e  o u t s i d e  ( o r  v i c e  v e r s a ) .  
- 
I n  t h e  framework of a l i n e a r i z e d  t h e o r y ,  w e  b e g i n  w i t h  a b a s i c  u n i f o r m  
medium composed  of e n t i r e l y  t h e  p r o d u c t  s p e c i e s  a t  p r e s s u r e ,  d e n s i t y ,  a n d  tem- 
pe ra tu re   cond i t ions   deno ted   by   po ,  po,  and To. I n s i d e  t h e  i n i t i a l  s p h e r e  we 
suppose  tha t  t he  p re s su re  and  t empera tu re  are p e r t u r b e d  s u c h  t h a t  p = po(l+Ap) 
and T = T o ( l + A ~ ) .   T h e   c o r r e s p o n d i n g   o x i d a n t   a n d   f u e l  mass f r a c t i o n s  i n s i d e  
t h e  i n i t i a l  s p h e r e  a re  denoted  by Cx = Ax and CF = 0. O u t s i d e  t h e  i n i t i a l  s p h e r e  
t h e  p r e s s u r e  a n d  t e m p e r a t u r e  are  unpe r tu rbed ,  bu t  t he  mass f r a c t i o n s  are g iven  
by Cx = 0 and CF = AF ( s e e  F i g .  1). A t  a g i v e n  i n s t a n t ,  t = 0 ,  the   d iaphragm 
d i s a p p e a r s .  We a s s u m e   t h a t   t h e   a m b i e n t   t e m p e r a t u r e   a n d   d e n s i t y ,  'Po and po, 
a r e   s u f f i c i e n t   t o   i n i t i a t e   c o m b u s t i o n   s p o n t a n e o u s l y .   C o m b u s t i o n   o f   t h e   o x i d a n t  
a n d   f u e l   o c c u r s  a t  a n   i n t e r f a c e ,   a n d  a d i f f u s i o n   f l a m e  i s  e s t a b l i s h e d .  I n  t h e  
l i m i t  t f -  0 ,  t h e  d i f f u s i o n  f l a m e  c o l l a p s e s  t o  a d i s c o n t i n u i t y  s u r f a c e ,  a n d  a l l  
t h e  r e a c t i o n s  o c c u r  e n t i r e l y  on t h i s  s u r f a c e .  On e i t h e r  s i d e  o f  t h e  s u r f a c e  
t h e r e  a r e  no r e a c t i o n s ,  b u t  b i n a r y  d i f f u s i o n  takes p l a c e .  
The l i m i t i n g  s i t u a t i o n  t f  4 0 produces a s i n g u l a r  p e r t u r b a t i o n  p r o b l e m .  
The  ou te r  p rob lem co r re sponds  to  the  f l ame  env i saged  as t h e  d i s c o n t i n u i t y  s u r -  
f a c e .  T h e  i n n e r  p r o b l e m  d e a l s  w i t h  t h e  s t r u c t u r e  o f  t h e  f l a m e  a n d  i s  o b t a i n e d  
by  ma tch ing  wi th  the  ou te r  p rob lem.  Th i s  p rocedure  has  been  e s t ab l i shed  p re -  
v ious ly  fo r  s t eady- f low p rob lems  (Ref s .  5 -7 )  and  fo r  one -d imens iona l  uns t eady  
f low  problems  (Refs .  9 and 10). Here we restrict  o u t s e l v e s  t o  t h e  l o w e s t - o r d e r  
o u t e r  p r o b l e m ,  w i t h  t h e  flame t r e a t e d  as  a d i s c o n t i n u i t y  s u r f a c e .  
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Basic  Equat ions 
When t h e  mass f r a c t i o n s  CX and CF are small, the  p re s su re  and  the rma l  d i f fu -  
s i o n  c o e f f i c i e n t s  are small and are represented  by non l inea r  con t r ibu t ions .  
Consequen t ly ,  s ince  b ina ry  d i f fus ion  p reva i l s  on e i t h e r  s i d e  o f  t h e  flame s h e e t ,  
the d i f f u s i o n - f l u x  v e c t o r s  are represented  by  Fick ' s  law.  As is u s u a l  i n  these 
problems, we  assume the b i n a r y - d i f f u s i o n  c o e f f i c i e n t s  are equal :  D m  = DFP = D. 
We a l s o  assume that  the components of the mixtures behave as t h e r m a l l y  p e r f e c t  
gases .  We now in t roduce   d imens ionless   p ressure ,   dens i ty ,   and   tempera ture   per -  
tu rba t ions  p '  , p' , T' def ined by 
p = P0(l+P') , P = Po(l+P')  Y T = To(l+T') 
We have  cor respondingly  for  the  mass f r ac t ions  and  ve loc i ty :  
cx = c;. Y CF = c; , c p = l - c ; - c l  F (3) 
4 4  2 v = V / a f  Y a = Y PolPo (4) 
0 f O  
where af i s  the frozen speed of sound of the ambient medium and y i s  t h e  r a t i o  
of s p e c i f i c  h e a t s  o f  t h e  p r o d u c t  s p e c i e s  i n  t h e  a m b i e n t  medium. We r e p r e s e n t  
the  d imens ionless  space  and  t i m e  v a r i a b l e s  by 
4 4 -  
r = a r / v O  Y T = a  tF 
€0 f O  0 
H 
where v (2p0 + h ) / p  and p and X are  t h e  f i r s t  and   s econd   coe f f i c i en t s  
of viscos i ty .   S ince   the   p rsb lem of i n t e r e s t  i s  spher ica l ly   symmetr ic  we i n t r o -  
duce a v e l o c i t y  p o t e n t i a l ,  v = Vcp, where v a l a r  ( t h e  b a r r e d  s p a c e  v a r i a b l e s  
a re  d imens iona l ) .  The cha rac t e r i s t i c  P rand t l  and  Schmid t  numbers are def ined  
as 
0 0 0, 0 
where c i s  t h e   c o n s t a n t - p r e s s u r e   s p e c i f i c   h e a t  of t he   p roduc t   spec ie s  and 
ko i s  the  thermal  conduct iv i ty ,  the  subscr ip t  naught  denot ing  the  ambient  s ta te .  
With t h e  a b o v e  d e f i n i t i o n s ,  t h e  l i n e a r i z e d  e q u a t i o n s  f o r  mass, momentum, s p e c i e s ,  
energy,  and thermal  equat ion of s t a t e  become 
PO 
a p  2 , ,+vcp  = 0 Y P = Y [V2V - 21 
DpT = y-l + prQ R y 'r a7 Y p = P + T + c y C  + c y C  X X  F F  
The p r imes  deno t ing  the  pe r tu rba t ion  va r i ab le s  have  been  omi t t ed .  In  the  above  
w e  have  the  opera tors  Dp and DS, the  parameters  of  Ck'x and aF, and the dimen- 
s i o n l e s s  h e a t  o f  r e a c t i o n  Q de f ined  as  
Q [X W (h - hp ) + fw '(h -h )] /c T x x. 0 Fo Po Po O 
where Rx, RF and Rp are the  specific  gas  constants. The symbol R denotes  the 
dimensionless  reaction  rate. For the  flame  discontinuity  sheet, R is  given by 
R = S ( 7 )  6(Zn) (13) 
where S(T)  is the  flame  strength  and 6(Z,) is the Dirac  delta  function  with Z 
the  coordinate  measured  normal  from  the  flame  sheet.  Derivations of these 
equations  can  be  found  in  references 6, 9 and  10,  and  also  in  references 11 
and 12 when there are no chemical  reactions. 
n 
Continuity  Conditions 
A l l  the  physical  flow  variables are  continuous at the  flame  sheet. Inte- 
gration  of  equations  (8a,b)  and  (9a)  across  the  flame  sheet  shows  that  the  fol- 
lowing  normal  derivatives  are  discontinuous  across  the  flame  sheet: 
where  the  bracket  rotation  denotes he  jump in  value  across  the  discontinuity. 
These  jump  conditions  suggest  that  the  following  new  variables  be  defined  that 
do  have  continuous  normal  derivatives  across  the  flame: 
c* = T" - 'rQ 
- 'F - Y - c  Y = T + -  C 4x X 'dCWF x 
where y a -  fWFAX 
x w xcF (16) 
is  the  stoichiometric  fuel-oxidant  ratio.  With  the  new  variables  C  and  T , 
the  reaction  rate  can  be  eliminated  from  the  set of equations.  Equations  (8a,b) 
can  be  combined  and  equation  (9a)  can  be  recast  to  read 
9C " 
JX " -y-l PrQ(Pr-sc) aCx 
DSC = 0 7 DpT - *+ aI- (17aYb) y 'r a7 sc x wx 
The linearized  state  equation (9b) becomes 
" JX 'rQ AF 
F V W X  X  F Ax p = P + T   L a C   - E C X  where E ~ - - c Y  -cy l!- 
Equation  (17a)  is  uncoupled  from  the  other  equations  and  can  be  solved 
separately,  yielding  CX  and  CF  as  well  as  the  flame  position. A single  equation 
for  the  velocity  potential  can  then  be  found  by  eliminating T"   equation  (17b) 
by  means  of  equation (18)  and  then  utilizing  equations  (7a,b)  to  eliminate p 
and p .  We obtain 
where 
1656 
MASS FRACTIONS AND FLAME POSITION 
Equat ion  (17a)   for  c* can  be  solved  separately.  The i n i t i a l  c o n d i t i o n s  
are C*(r  7 r o , O )  = AF and C*(r  < ro) = -JrAF. Fur the r ,  C+c i s  f i n i t e  a t  t h e  
o r ig in  and  in f in i ty ,  and  bo th  C* and C$ are continuous a t  r=ro. The r e s u l t  
i s  (Ref. 2): 
C* Y + l  - = - Y + 2 [ e r f c  (2 ) + e r f c  (-) l-r l+r, 
*F 03 9, f i *  
where  erf(A) @-1)/@+1) 
The pos i t i on  of the flame with t ime is  a f u n c t i o n  o f  t h e  i n i t i a l  c o n d i t i o n s  
through  the  parameter y ,  def ined  by (16) .  When y = l ,  t h e  i n i t i a l  c o n d i t i o n s  are 
s to ich$ometr ic ,  and  the  f lame t rave ls  inward  toward  the  or ig in ,  l inear ly  wi th  
7 when 7 i s  small. When > 1 t h e   i n i t i a l   c o n d i t i o n s  are oxidant-r ich  and  the 
flame i n i t i a l l y  moves outward from the origin and then subsequently toward the 
o r i g i n .  The c a s e  o f  f u e l - r i c h  i n i t i a l  c o n d i t i o n s  c o r r e s p o n d s  t o  y < 1, and  the 
flame moves on ly  toward  the  o r ig in ,  t he  pos i t i on  va ry ing  l i ke  T% when T i s  small. 
This  behavior  i s  cont ra ry  to  the  one-d imens iona l  (Refs .  9 and 10) problem i n  
wh ich  the  f l ame  rema ins  s t a t iona ry  unde r  s to i ch iomet r i c  i n i t i a l  cond i t ions  and 
moves e i t h e r  t o  t h e  r i g h t  o r  l e f t  d e p e n d i n g  on whether Y is g r e a t e r  t h a n  o r  less 
than  uni ty .  F igure  2 shows t h e  p o s i t i o n  of the f lame as a func t ion  of  73; f o r  
‘i’ = 1 / 2 ,  1, and 2. When Y = l ,  f o r   i n s t ance ,   t he   f l ame   r eaches   t he   o r ig in   and  
becomes ex t inguished  when T+< 0.21. 
The spher ica l   d i f fus ion   f lame  t rave ls   u l t imate ly   inward .   Because   the  
spec ie s  ou t s ide  the  sphe re  is o f  i n f i n i t e  e x t e n t  and  the  spec ies  ins ide  the  
sphere i s  o f  f i n i t e  e x t e n t ,  t h e  s p e c i e s  i n s i d e  t h e  s p h e r e  t e n d s  t o  b e  consumed. 
Consequent ly ,  the  f lamewentua l ly  w i l l  move inward i n  o r d e r  t o  a d d . a  r e l a t i v e  
d i f f u s i o n  ra te  fo r  t he  van i sh ing  in s ide  spec ie s  and  thus  ma in ta in  s to i ch iomet r i c  
combustion a t  the  f lame.  When the   f lame  reaches   the   o r ig in ,   the   spec ies   o r i -  
g ina l ly  in s ide  the  sphe re  has  been  comple t e ly  consumed and the flame becomes 
ext inguished.  
The mass f r a c t i o n s  are determined from the funct ion C . For r < rg,  w e  
have CX/% = -CJ’/(YAF) and CF=O. For r > rs, we have Cx=O and CF=C . These 
p r o f i l e s  are p l o t t e d  i n  F i g u r e  3 f o r  Y = l  and T* < 0.21. When the  f lame becomes 
ex t inguished  a t  t h e  o r i g i n ,  t h e  s p e c i e s  i n s i d e  t h e  o r i g i n a l  s p h e r e  h a s  b e e n  
completely consumed, i n  t h i s  c a s e  t h e  o x i d a n t .  F o r  times g rea t e r  t han  the  ex- 
t i ngu i sh - t ime ,  t he  spec ie s  ou t s ide  the  o r ig ina l  sphe re  p roceeds  to  e s t ab l i sh  a 
uniform state. The r e t u r n  t o  a uniform state is shown i n  F i g u r e  4. 
* 
* 
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SOLUTION  FOR Pr = S and E = 
C 
Laplace-Transform  Analys is  
With C and C known, e q u a t i o n  (19) c o n s t i t u t e s  
g e n e o u s   e q u a t i o n   f o r  cp. B e c a u s e   t h e   p o s i t i o n   o f   t h e  
?k 
X 
0 
a f i f t h  o r d e r  non-homo- 
f l a m e  v a r i e s  w i t h  time, 
the  problem i s  d i f f i c u l t  t o  s o l v e .  A g r e a t  s i m p l i f i c a t i o n  o c c u r s  when we set  
Pr=Sc and E=O. F o r   m o s t   g a s e s   s e t t i n g  P =Sc i s  a. good  approximation.  The 
approximat ion  E=O i s  v a l i d  when r a t i o s  0% s p e c i f i c  h e a t s  o f  a l l  t h e  s p e c i e s  are  
t h e  same, These   approximat ions   cor respond  to   the   Shvab-Zelc iovich   approximat ion  
(Ref.  4 ) .  With   these   approximat ions ,   the   p roblem i s  v e r y  similar t o  t h e  b i n a r y  
d i f f u s i o n  p r o b l e m  of R e f e r e n c e  1 2 ,  w i t h o u t  p r e s s u r e  d i f f u s i o n ,  a n d  we proceed 
i n  similar f a s h i o n .  
I f  q ( r , s )  d e n o t e s  t h e  L a p l a c e  t r a n s f o r m  w i t h  r e s p e c t  t o  time of cp(r,T),  
t h e  s o l u t i o n  o f  t h e  t r a n s f o r m  o f  ~(cp) = 0 i s  
rA 
Y S  
- 
r cp(r < ro,s) = - 3 + A1 s i n h  h r + A2 s i n h  ?L r 1 2 
r Cp<r > ro,s) = B exp(-X r )  + B~ e x p ( - h  r )  1 1 2 (26b) 
where A1, A 2 ,  B and B are  a r b i t r a r y   c o n s t a n t s  of i n t e g r a t i o n ,   a n d  1 2 
2 
h ~ [ (Y+Pr)S + Prsf_S.J[ (V-Pr)S + pr 3’ + ,,pr-l)pr:l~ 
192 2(1+YS) (27) 
w h e r e  t h e  p l u s  s i g n  h o l d s  f o r  11 a n d  t h e  n e g a t i v e  s i g n  f o r  X2. The  Laplace 
t r a n s f o r m s  o f  t h e  p r e s s u r e  a n d  d e n s i t y  a re  found from (7a,b) :  
- 
p ( r ,  SI = Y c (..PIrr - s r TI/r (28) 
- 
P ( r  < 1: 0’ s) = -(Ap/s) - ( G ) r r / ( r s )   ( 2 9 a )  
P O  > T o y s )  = -(a F F  A ) / s  - ( G ) r r / ( r s )   ( 2 9 b )  
- 
The  reduced  temperature ,  T*, i s  determined  by  means  of   equat ion (18). The 
v e l o c i t y  i s  determined by v = cp . r 
The c o n s t a n t s  A 
”- 
1, A29 B 1 ,  and B2 are d e t e r m i n e d  b y  r e q u i r i n g  t h a t  p ,  p ,  v ,  
and f: be   cont inuous  a t  r=ro. We f i n d  t h a t  
-h r -X r 
A1 = ( l+hlro)e  o ~ ~ / h ~  , A 2 = -(I+x 2 0  r )e  A2/h2  (30a,b) 
B~ = ( s i n h  A r - h r cosh X r )A /X 
l o  l o  l o  1 1  
B2 = - ( s i n h  X r - h 1: cosh Xlro) A /A 
A1 [ (Ap + aFAF)(h2-s) /s   + A P 2  A  /(ys2)]/(X2-A,) 2 2  
2 0   2 0   2 2  
where 
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A 2 3 [ (Ap + rwpAF)(h:-s)/s + Aph:/(ys2)]/(h,-il) 2 2  
*P P 
= A  + A T + a A  x x  
The  inversion  of  the  transformed  variables now remains. 
(33) 
Constant-Pressure  Solution 
When Pr = Sc = 1 we have  the  simplified  results x1 = & and  h2=s/=. 
Further  when  Ap = 0, the  factor A2 vanishes  (hence  A2=B2=0),  and  the  pressure 
perturbation  is  identically zero, p ( r , ~ )  = 0. The remaining  solution  is  en- 
tirely  diffusive: n n 
A P + aFAF [ - (r-ro) L/4~ v(r,T) = (rro-2T)e + (rro+27)e -(r+r~)f/4T1 (34) 
2 r 2 m  
where W/AF is  given  by  equation (21 ) ,  and AT, AT + ( Q A ~ ~ w ~ ) .  Wave  behav- 
ior  does  not  occur  in  this  special  case. 
The  temperature  at  the  flame  sheet  is  determined  from  expression  (36) by
setting C* = CX = 0. We  obtain 
ATf  T*(rsyT) = CAT + (QAx/~wx)I/(l + $1 (37) 
The  increment  ATf  is  the  adiabatic  flame  temperature. It does  not  vary  with 
time. The temperature  is  found  from  equation  (15b)  to  be 
T(r r S ,T) = ATf + (AT, - AT) Cf</($AF) 
T(r 2 r ,7) = AT, [1 - (Cn/AF)] 
S 
This  temperature  distribution  is  shown  in  Figure  5  for $=1 and A = 0. T 
Large-Time  Behavior 
An  asymptotic  approximation  can  be  obtained  for  large  times,  and  the re-
sults  for  density,  pressure,  velocity  and  T*  are  similar  to  those  obtained  in 
References 11 and 12. The  major  difference  from  these  results  occurs  in  the 
temperature  distribution  (as  contrasted  with  the  reduced  temperature T > k ) .  -When 
Ap#O,  a  gasdynamic  expansion  wave  travels  inward  from  the  initial  sphere, roy 
cooling  the  gas.  This wave  reflects  from  the  origin  and  travels  outward.  The 
result  after  this  reflected  wave  passes  the  position  of  the  initial  sphere  is a 
reduction  in  temperature  by an  amount (y-l)Ap/y.,  This  temperature  residual i s  
subsequently  eliminated  by  thermal  diffusion  (Ref. 11). Thus  for  times  long 
after  the  reflected  wave  passes the.initia1  sphere, the  net  effect  is  to'change 
the  initial  temperature  increment  such  that 
AT - AT - (y-l)Ap/y  (39) 
For large  Reynolds  numbers (.ro >> 1) , the  wave  processes  are  much  faster  than 
the  diffusion  processes,  and  under  these  circumstances  formulas  (36-38)  hold 
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fo r  t he  t empera tu re  long  a f te r  t h e  r e f l e c t e d  wave p a s s e s  t h e  i n i t i a l  s p h e r e ,  
wi th  the  modi f ica t ion  (39)  noted .  When Pr # 1, t h e  time i s  also  modif ied  such 
t h a t  7 + 7 / P  i n  t h e  f u n c t i o n  C*. 
When A, = 0, b u t  P r  # 1, t h e r e  i s  a weak p r e s s u r e  wave gene ra t ed  tha t  is 
p ropor t i a l   t o   (P r -1 )   (Re f s .  10 and 13) .  This  wave d o e s  n o t  a f f e c t  t h e  t e m p e r -  
a t u r e  d i s t r i b u t i o n  n e a r  t h e  f l a m e  s i n c e  AT i s  l e f t  u n a l t e r e d ,  
CONCLUDING REMARKS 
The p resen t  ana lys i s  demons t r a t e s  t he  main f e a t u r e s  a s s o c i a t e d  w i t h  u n - .  
s t eady  sphe r i ca l  d i f fus ion  f l ames .  I t  wou ld  be  use fu l  t o  con t inue  the  ana lys i s  
wi thout  the  approximat ions  Pr  = SC and E = 0. For the one-dimensional problem 
(Ref. 10) t h e r e  are weak waves generated by the. combustion a t  a s t a t i o n a r y  
d i f f u s i o n  f l a m e  t h a t  are p r o p o r t i o n a l  t o  E. I t  wou ld  be  in t e re s t ing  to  inves -  
t i g a t e  t h e s e  w a v e s  f o r  a moving s p h e r i c a l  d i f f u s i o n  f l a m e .  The inner   problem 
a s s o c i a t e d  w i t h  t h e  s t r u c t u r e  o f  t h e  f l a m e  is a l s o  w o r t h y  o f  f u r t h e r  a t t e n t i o n .  
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7 c r o ,  t < O  
C, = n, 
c, = 0 
T’ = nT 
p’ = A p  
- r >7,, t c  0 
cx = 0 
cF = A F  
p’ = 0 
T’ = 0 
Figure 1.- Initial conditions and spherical configuration. 
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Figure 2.- Flame position as a function of time. 
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Figure 3.- Oxidant 
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r* 
and fuel concentrations  before  flame extinguishment. 
Figure 4.- Fuel concentration after flame extinguishment. 
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Figure 5.- Temperature distribution for  constant-pressure  solution. 
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